Initial-velocity measurements for the phospholysis and synthesis of α,α-trehalose catalysed by trehalose phosphorylase from Schizophyllum commune and product and dead-end inhibitor studies show that this enzyme has an ordered Bi Bi kinetic mechanism, in which phosphate binds before α,α-trehalose, and α--glucose is released before α--glucose 1-phosphate. The freeenergy profile for the enzymic reaction at physiological reactant concentrations displays its largest barriers for steps involved in reverse glucosyl transfer to -glucose, and reveals the direction of phospholysis to be favoured thermodynamically. The pH dependence of kinetic parameters for all substrates and the dissociation constant of -glucal, a competitive dead-end inhibitor against -glucose (K i l 0.3 mM at pH 6.6 and 30 mC), were determined. Maximum velocities and catalytic efficiencies for the forward and reverse reactions decrease at high and low pH, giving apparent pK values of 7.2-7.8 and 5.5-6.0 for two groups whose correct protonation state is required for catalysis. The pH dependences of k cat \K are interpreted in terms of
INTRODUCTION
Fungal trehalose phosphorylase catalyses the reversible phospholysis of α,α-trehalose according to eqn (1) [1] : α,α-Trehalosejphosphate α--glucosejGlc 1-P
where Glc 1-P is α--glucose 1-phosphate. The equilibrium constant for eqn (1) has a value of $ 0.15 at pH 6.6 and 30 mC [2] , indicating that glucosyl transfer from phosphate to -glucose is favoured thermodynamically in itro. A role for trehalose phosphorylase in fungal physiology remains to be established. Limited evidence available so far suggests a possible function of the enzyme in developmental processes [3] , whereby the partial degradation of accumulated α,α-trehalose appears to be the physiological reaction [2] . Given that a role for α,α-trehalose as a storage carbohydrate has been questioned [4, 5] , a key function of trehalose phosphorylase in mainstream sugar catabolism appears unlikely. Trehalose phosphorylases from the basidiomycete fungi Agaricus bisporus [6] , Grifola frondosa [7] and Schizophyllum commune [2] have been purified and characterized. They share a molecular mass of $ 60 kDa for the protein subunit, and occur as a monomer [2] or oligomers [6, 7] . The primary structures of the enzymes from G. frondosa [8] and Pleurotus cajor-saju (TrEMBL accession no. Q9UV63) are
Abbreviations used : Glc 1-P, α-D-glucose 1-phosphate ; GT, glycosyl transferase ; GH, glycosyl hydrolase ; MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight ; PSD, post-source decay ; S N i mechanism, internal return mechanism. 1 To whom correspondence should be addressed (e-mail nide!edv2.boku.ac.at).
monoanionic phosphate and α--glucose 1-phosphate being the substrates, and of the pK value seen at high pH corresponding to the phosphate group in solution or bound to the enzyme. The K i value for the inhibitor decreases outside the optimum pH range for catalysis, indicating that binding of -glucal is tighter with incorrectly ionized forms of the complex between the enzyme and α--glucose 1-phosphate. Each molecule of trehalose phosphorylase contains one Mg# + that is non-dissociable in the presence of metal chelators. Measurements of the #'Mg#+\#%Mg#+ ratio in the solvent and on the enzyme by using inductively coupled plasma MS show that exchange of metal ion between protein and solution does not occur at measurable rates. Tryptic peptide mass mapping reveals close structural similarity between trehalose phosphorylases from basidiomycete fungi.
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known. The molecular mass of G. frondosa trehalose phosphorylase as calculated from the 732-amino-acid peptide deduced from the gene is $ 84 kDa, suggesting that partial proteolysis takes place during the lifetime of the enzyme subunit, or occurs as a result of purification. Interestingly, sequence comparison reveals 46 % identity between trehalose phosphorylase and the ' clock-controlled ' protein 9 of Neurospora crassa [9] . Fungal trehalose phosphorylases have been classified into family 4 of the glycosyl transferase (GT) enzyme families ( [10] ; see the URL address http :\\afmb.cnrs-mrs.fr\"pedro\CAZY\db.html). In order to obtain a clearer picture of the possible physiological functions of fungal trehalose phosphorylase, it is necessary to obtain a better knowledge of general properties of the enzyme and its mechanism of action. The stereochemical outcome of the overall chemical reaction in eqn (1) is one of retention of configuration at C-1 of α,α-trehalose and Glc 1-P ; glucosyl transfer with retention is a characteristic feature of enzymes of family GT-4. By analogy with retaining glycosidases, for which a large body of mechanistic and structural information is available (for a review, see [11] ), α-retaining glucosyl transfer to and from phosphate is anticipated to occur through a double-displacement mechanism that involves two configurationally invertive steps (reviewed in [11, 12] ) : (1) cleavage of the carbon-oxygen bond of the glucosyl donor and formation of a covalent β-glucosyl-enzyme intermediate ; and (2) reaction of the intermediate with phosphate to yield Glc 1-P. Phospholysis of sucrose by sucrose phosphorylase is a well characterized example of the α-retaining phosphorylase mechanism [13] , and the kinetics of this enzymic reaction are Ping Pong Bi Bi. Unlike sucrose phosphorylase, and unusually for a retaining GT, fungal trehalose phosphorylase follows a ternarycomplex kinetic mechanism in which both substrates must bind to the enzyme before a product is released [2] . Differences in the reaction mechanisms of sucrose phosphorylase and trehalose phosphorylase are probably reflected by the fact that sucrose phosphorylase has been classified into glycosyl hydrolase (GH) family 13 (clan GH-H) [14] . The assignment of sucrose phosphorylase to a GH family could imply that, in contrast with long-held views, the reaction mechanism of this enzyme is not truly typical of phosphorylase-catalysed glucosyl transfer with net retention of configuration.
Following the recently reported characterization of trehalose phosphorylase from S. commune [2] , the present paper is concerned with determination of the steady-state kinetic mechanism of this enzyme by using initial-velocity measurements for the forward and reverse reactions, and analysis of inhibition patterns obtained with product and dead-end inhibitors. pH studies were carried out as an initial step towards the characterization of the chemical mechanism of the enzyme. A single Mg# + bound to each 61-kDa protein was identified by analysing the metal content of trehalose phosphorylase using inductively coupled plasma MS. Measurement of the isotope ratio #'Mg#+\#%Mg#+ in the bulk liquid and on the protein was employed to monitor the exchange of protein-bound Mg# + with metal ion in solution, and to investigate the possible involvement of Mg# + in the catalytic function of the enzyme. To probe the relationships between fungal trehalose phosphorylases at the level of their primary structure, peptide mass mapping of the enzyme from S. commune was carried out using tryptic digestion and MS.
EXPERIMENTAL

Materials and assays
Trehalose phosphorylase from Schizophyllum commune (strain BT 2115) was produced and purified to apparent electrophoretic homogeneity by using procedures reported recently [2] . #'MgO was from Oak Ridge National Laboratory (Oak Ridge, TN, U.S.A.). α,α-Thiotrehalose (Figure 1 ) was kindly donated by Professor H. Driguez (CERMAV-CNRS, Grenoble, France). Enzyme assays and other materials were those described by Eis and Nidetzky [2] .
Kinetic studies
These were carried out at 30 mC in 20 mM Mes (sodium salt) buffer, pH 6.6, containing 2 mM EDTA and 2 mM β-mercaptoethanol. Initial velocities for the forward and reverse reactions were determined using discontinuous assays. The substrate solution was preincubated at 30 mC for 15 min, and the enzymic reaction was started by the addition of enzyme from a concentrated stock solution of trehalose phosphorylase (3 mg\ml ; 7 units\mg). Each assay (100 µl) contained approx. 0.01 unit of trehalose phosphorylase. Samples of 10 µl were taken after 5, 10 and 15 min, and diluted immediately into the assay for measuring Glc 1-P in the forward reaction or phosphate in the reverse reaction [2] . Rates were calculated as ∆[product]\∆t. Substrate concentrations were varied as follows : α,α-trehalose, 10 concentrations between 30 and 400 mM ; potassium phosphate, six concentrations between 2.0 and 25 mM ; Glc 1-P, 10 concentrations between 3.3 and 25 mM ; -glucose, six concentrations between 30 and 150 mM.
Inhibitor studies were carried out at four constant concentrations of inhibitor. One substrate was varied at each of two constant concentrations of the second substrate, of which one matched the Michaelis constant for this substrate and the other was saturating.
Reaction with D-glucal
-Glucal (Figure 1 ) was tested as a possible glucosyl donor in the forward and reverse reactions catalysed by trehalose phosphorylase. In the phospholysis direction, using 40 mM phosphate and 40 mM -glucal, the formation of any new product, but particularly of 2-deoxy-α--glucose 1-phosphate and the product of the spontaneous hydrolysis of the sugar 1-phosphate, i.e. 2-deoxy--glucose, was monitored by using TLC analysis. Enzymic phospholysis of -glucal to yield 2-deoxy-α--glucose 1-phosphate has been shown for glycogen phosphorylases [15] . The ability of the enzyme to use -glucal (40 mM) instead of Glc 1-P was determined in the presence of -glucose (250 mM), and transfer-product formation was followed by TLC.
pH studies
The pH-dependence of kinetic parameters for the phospholysis and synthesis of α,α-trehalose was measured in the pH range 5.5-7.5, using 50 mM Mes buffer between pH 5.5 and 6.7 and 50 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid (sodium salt) buffer between pH 6.8 and 7.5. Initial velocities were recorded at 30 mC in discontinuous reactions with one substrate varied and the other substrate kept constant at a saturating concentration ($ 6iK app ). The enzyme activity in each assay was approx. 0.1 unit\ml, measured in the standard assay. It was shown that trehalose phosphorylase was stable during a 10 min incubation over the pH range studied. Enzyme stability limited the pH range that was useful for these studies, however.
Data processing
Reciprocal initial velocities ( ) were plotted against reciprocal substrate concentrations (A, B), and the experimental data were fitted to eqns (2)-(8) by the least-squares method :
log
assuming equal variances for the and log Y values, and using the Sigmaplot program Version 5 for Windows (Jandel Scientific, Erkrath, Germany). E denotes enzyme concentration. The cor-Fungal trehalose phosphorylase relation coefficient of regression analysis was generally greater than 0.95, and problems with strongly correlated parameter estimates were not observed. Figures show the experimentally determined values, and curves are calculated from fits of the data to the appropriate equation. Linear double-reciprocal plots were fitted to eqn (2) , and eqn (3) was employed when substrate inhibition was observed, whereby k cat is the catalytic-centre activity (' turnover number '), K is an apparent Michaelis constant and K I is a substrate inhibition constant. Eqn (4) describes an intersecting initial-velocity pattern for two substrates. Eqns (5), (6) and (7) were used when linear competitive, linear noncompetitive and uncompetitive product inhibition respectively was observed. K is and K ii relate to inhibitors that affect the slope and intercept respectively of the double-reciprocal plot. I is the inhibitor concentration. The pH profiles were fitted to eqns (8a) and (8b), which describe curves of log Y (pK is or log K is ) against pH, which are level above pK " and below pK # , but decrease with a slope of p1 above pK # and below pK " . In eqns (8a) and (8b), H is [H + ], and C is the pH-independent value of Y, pK is or log K is .
Metal analysis
All analytical data were acquired using a Finnigan MAT Element ICP-mass spectrometer (Finnigan MAT, Bremen, Germany) operated in medium-resolution mode (m\∆m l $ 3500). The torch was equipped with a Pt-guard electrode (CD1 ; Finnigan MAT). A microconcentric nebulizer (MCN100 ; Cetac Techn. Inc., Omaha, NE, U.S.A.) in combination with a double-pass Scott-type spray chamber cooled to 4 mC was used as nebulizing system, and sample transport to the nebulizer was established by a peristaltic pump (Perimax ; Spetec, Vienna, Austria). Under the conditions employed, the method had an average limit of detection for bivalent metal ions of 0. 
Metal-dissociation study
#'MgO was dissolved in HNO $ (0.5 %, v\v) to give a stock solution of 115 mM #'Mg#+. A solution of trehalose phosphorylase (42 µM) in 100 mM Mes buffer, pH 6.8, containing 200 mM α,α-trehalose to stabilize the enzyme, was incubated in the presence of 0.5 mM #'Mg#+ at 4 mC for 18 h. Two controls were treated in exactly the same way. Control 1 contained the enzyme but lacked Mg# + , whereas control 2 lacked Mg# + but contained the enzyme. After the incubation, the sample and control 2 were transferred to separate centrifugal microconcentrator tubes (Ultrafree-MC-Duropore ; Millipore, Bedford, MA, U.S.A.) and centrifuged at 4 mC and 12 000 g for approx. 15 min. The filtrate was collected. The retentate was diluted to original volume using the above Mes buffer (without #'Mg#+), which gave a dilution factor of approx. 3-5. The entire procedure was repeated six times until the concentration of Mg# + in the retentate was 0.1 µM. All filtrates and the final retentates were used for the determination of the content of #%Mg#+ and #'Mg#+. Control 1 was used to determine the initial #%Mg#+\#'Mg#+ ratio.
The external precision of isotope abundance ratio measurements was derived from n l 6 consecutive measurements. Its dependence on the concentration of Mg# + was determined using standard solutions of the metal ion. The internal precision (relative standard error) was approx. 0.1 %. It was proven that the introduced matrix had no significant influence on the precision. Raw data had to be properly corrected for dead-time and mass fractionation, which are both factors of the accuracy of the results [16, 17] . The dead-time was determined using the graphical intersection method, as described in previous studies [16, 17] , and was calculated to be 23 ns. Measurement parameters for the determination of isotope ratios were : mass window of 10 %, ten samples per peak, 200 runs and four passes for each single measurement.
Peptide mass mapping
Trehalose phosphorylase was loaded on to an SDS\ polyacrylamide gel and stained with Coomassie Blue. The protein band was cut out, and Coomassie Blue was removed completely by several washings with Tris\HCl in acetonitrile (50 %, v\v). Tryptic digestion of the protein was carried out by reported procedures [18] in an overnight reaction. The resulting peptides were extracted with aqueous acetonitrile (30 %, v\v) containing 2 % (w\w) trichloroacetic acid. They were subjected to massspectral analysis without further treatment. Solutions of ferrulic acid or α-cyano-4-hydroxycinnamic acid in the above acetonitrile\water mixture containing 0.2 % (w\w) trichloroacetic acid served as matrices. Initially, 1 µl of matrix solution was deposited on the target, and after a few seconds another 1 µl of the sample was added and allowed to dry at ambient temperature.
Matrix-assisted laser desorption\ionization time-of-flight (MALDI-TOF) MS was carried out on a BIFLEX mass spectrometer (Bruker-Franzen, Bremen, Germany) equipped with a nitrogen laser (337 nm) and a gridless delayed-extraction ion source. The ion acceleration voltage was 19 kV, and the reflectron voltage was set to 20 kV. Spectra were calibrated internally using the monoisotopic [MjH] + ions of the peptide standards angio-tensin and insulin (Sigma, Deisenhofen, Germany). Post-source decay (PSD) spectra were recorded in 10-15 segments, with each successive segment representing a decrease of 20 % in reflector voltage. All segments were the average of 100-150 laser shots. Segments were pasted, calibrated externally and smoothed using Bruker XTOF 3.0 software.
The peptide masses after tryptic digestion of S. commune trehalose phosphorylase were compared with calculated peptide masses of trehalose phosphorylases from Grifola frondosa [6] and Pleurotus cajor-saju using PeptideMass software. The software is freely available at the URL address http :\\www.expasy.ch\ www\tools.html.
RESULTS
Initial-velocity studies
The initial velocities of the phospholysis and synthesis of α,α-trehalose were recorded at several constant concentrations of one substrate (B) while varying the concentration of the other substrate (A). When data were plotted in the form 1\ against 1\A, a series of straight lines was obtained for the forward and reverse enzymic reactions. The lines intersected to the left of the ordinate axis of the double-reciprocal plot, in agreement with the recently proposed ternary-complex kinetic mechanism of trehalose phosphorylase [2] . To determine the order of substrate binding and product release, product inhibition and inhibition by dead-end inhibitors was studied. 1,5-Anhydro--glucitol and -glucal were chosen, because both are very similar in structure to the natural substrate, -glucose ; however, because they lack the 1-OH group, they cannot serve as glucosyl acceptors ( Figure  1 ). It was shown that -glucal is not a substrate of the forward and reverse reactions catalysed by trehalose phosphorylase (see the Experimental section for methods used). α,α-Thiotrehalose, in which the bridging oxygen between the two glucose moieties is replaced by sulphur (Figure 1) , is a close structural analogue of α,α-trehalose (for review of thioglycosides, see [19] ). It is not detectably phospholysed into Glc 1-P by trehalose phosphorylase. Representative results of inhibition experiments are shown in Figures 2(A)-2(D) , and inhibition constants obtained through fitting the data to eqns (5)- (7) are summarized in Table 1 . The observed patterns of inhibition suggest the occurrence of two binary reactant complexes : between enzyme and phosphate, and between enzyme and Glc 1-P. Uncompetitive inhibition results from binding of products or dead-end inhibitors to these complexes. The results are consistent with an ordered Bi Bi kinetic mechanism for trehalose phosphorylase, in which phosphate binds before α,α-trehalose, and -glucose dissociates before Glc Fungal trehalose phosphorylase 
* Based on measurement by HPLC of the initial velocities of formation of α,α-trehalose. † Dead-end inhibitors affected K ii when Glc 1-P or P i was the variable substrate while Dglucose and trehalose were constant at a non-saturating concentration of $ 2iK substrate ; when D-glucose was present at 30iK glucose , D-glucal showed no inhibition.
Scheme 1 Ordered kinetic mechanism of trehalose phosphorylase from S. commune
pH studies suggest that monoanionic phosphate and Glc 1-P are the substrates (see text).
1-P (Scheme 1). Eqn (4) was used to fit the experimental initial velocities in the absence of inhibitors. Results are summarized in Table 2 .
The internal consistency of the kinetic parameters in Table 2 has been checked using the Haldane relationship for an ordered Bi Bi kinetic mechanism. A value of 0.154 was calculated for K eq . This is in excellent agreement with the value of 0.159p0.040, which was determined experimentally at pH 6.6 and 30 mC for the thermodynamic equilibrium constant :
Free-energy profile
By using the relationships of kinetic parameters to microscopic rate constants for an ordered Bi Bi mechanism [20] , values for k " and k # , and k ( and k ) , were calculated, and are summarized in Table 2 . Estimates are available for the prevailing intracellular concentrations of phosphate, Glc 1-P, α,α-trehalose and -glucose in S. commune [2] . These reactant concentrations ([A]) were used to convert all second-order rate constants (k #nd ) into pseudo-first-order rate constants (k h "st ) by using the relationship k
. Free energies (∆G ‡ ) were calculated by using k h "st , and a value of 6.313i10"# s −" for the expression k B T\h (where k B is Boltmann's constant, T is temperature in Kelvin and h is Planck's constant) at 30 mC served as the proportionality constant. The free-energy profile for the reaction catalysed by trehalose phosphorylase is shown in Figure 3 , which indicates that the external equilibrium constant at physiological boundary conditions favours phospholysis of α,α-trehalose. Had a standard (Table 1) is $ 10-fold smaller than K i phosphate , probably because of the formation of a non-productive complex of enzyme, P i and D-glucose whose dissociation constant is smaller than that of the binary complex. The following equations were used : 
Figure 3 Free-energy profile for the reaction catalysed by trehalose phosphorylase at physiological reactant concentrations
Values were calculated by assuming the following reactant concentrations, which are based on data reported in [2] and a mass ratio of 1 : 8 for dry and wet S. commune mycelial biomass : 40.4 mM α,α-trehalose, 9 mM phosphate, 6 mM Glc 1-P and 0. state of 1 M been chosen for all reactant concentrations, the result would have been the opposite. The data also allow us to assign the largest free-energy barrier of the overall reaction to the transformation of E:Glc 1-P and -glucose into E:P i and α,α-trehalose. Therefore we conclude that the degradation of 
Attempts to trap a covalent glucosyl-enzyme intermediate
By analogy with glycosidase mechanisms [10, 11, 21] , the most probable intermediate formed in the mechanism of trehalose phosphorylase is a glucosylated enzyme in which the sugar is linked via a β-glycosidic linkage to the protein. A number of experiments reported here and in a previous paper [2] suggested that, if such an intermediate is synthesized, it is not formed before all substrates have bound to the active site. In an effort to form and possibly trap a glucosyl-enzyme intermediate, 1,5-anhydroglucitol and -glucal were used as incompetent analogues of α--glucose. The idea was that binding of the analogues to the complex of trehalose phosphorylase and Glc 1-P could induce the reactive conformational state of the enzyme, thus allowing C-1-O bond cleavage to take place and promoting the formation of a glucosylated enzyme with bound phosphate (see the kinetic mechanism in Scheme 1). We rationalized that, if this complex occurred, it would be stable in the absence of the reacting 1-OH group of -glucose, and the enzyme would be inactive when assayed in the direction of trehalose phospholysis, as follows. Since α,α-trehalose cannot bind the putative glucosyl-enzyme intermediate, it will not serve as glucosyl acceptor in place of α--glucose or, alternatively, induce the reverse glucosyl transfer to phosphate bound to the enzyme. When incubated in the presence of Glc 1-P (50 mM) and -glucal (20 mM) or 1,5-anhydroglucitol (40 mM) for a 3 h reaction period, inactivation of trehalose phosphorylase did not occur. oNote that 20 % (w\w) polyethyleneglycol 4000 was present in these experiments to prevent irreversible thermal inactivation of the enzyme [2] . Added polyethyleneglycol did not inhibit the enzyme activity.q Formation of phosphate or synthesis of any other product was not detectable under these conditions. Therefore the 1-OH group of α--glucose seems to have an essential role in causing catalysis of glycosidic bond cleavage by trehalose phosphorylase. No conclusion can, however, be made regarding formation of the common glucosyl-enzyme intermediate.
pH studies
Initial velocities for the forward and reverse reactions catalysed by trehalose phosphorylase were determined over the pH range 5.5-7.2, and kinetic parameters were calculated from non-linear fits of the data to eqns (2) and (3). The pH profiles are shown as double-log plots in Figures 4(A)-4(C). They have simple shapes and reveal that enzyme activity at saturating substrate concentrations (k cat ) and near-zero levels of one substrate (k cat \K) is lost at low and high pH. Each pH profile shows a change to a slope of j1 and k1 in the vicinity of low and high pK respectively. The data in Figure 4 were fitted to eqn (8a). The observed pK values were separated typically by 1.5 pH units, suggesting that, when K " K # , the separate treatment of each acid dissociation constant is probably not justified [22] . The relationships
were thus used to obtain true values of macroscopic pK " and pK # for all pH profiles, and the data are summarized in Table 3 .
pK is profile of D-glucal
The inhibition of trehalose phosphorylase by -glucal was studied in the pH range 5.5-7.8 using -glucose as the variable substrate and Glc 1-P at a constant saturating concentration ( 5iK Glc"-P ). Quite surprisingly, the K is value for -glucal decreased at high and low pH, and had its highest value at the optimum pH for the enzymic reaction. The pK is profile is shown Fungal trehalose phosphorylase
Figure 5 pH profile of pK i for D-glucal (#) compared with pH profile for k cat /K glucose ($)
The line is the fit of the data to eqn (8a) (k cat /K glucose ).
in Figure 5 , where it is contrasted with the pH profile of k cat \K Glc . The two profiles appear to be reciprocal to each other. Values of pK " and pK # were obtained from a non-linear fit of the log K is profile to eqn (8b), and are given in Table 3 . [Note that, since K is cannot decrease to an infinitely small value at high and low pH, use of eqn (8b) is, of course, a rough approximation by which we attempt to describe the data in the pH range studied.]
Metal analysis and metal-dissociation studies
Metal analysis by inductively coupled plasma MS showed the presence of 1.0 (p0.2) mol of Mg# + per mol of 60 kDa trehalose phosphorylase protein. Other metals (Zn# + , Co# + , Mn# + ) were not detected in significant concentrations. Stoichiometric amounts of Mg# + were found, independent of whether 1 mM EDTA was absent or present during the purification of trehalose phosphorylase. This result suggested that the protein-bound Mg# + does not equilibrate freely with Mg# + in solution, possibly because of the folded structure of the enzyme. To determine whether bound Mg# + shows exchange with Mg# + in solution, metal-dissociation experiments were carried out which used isotopically enriched #'Mg#+ and measured the #'Mg#+\#%Mg#+ ratio in solution and on the protein. Values of 0.166, 0.173 and 217 were obtained for the #'Mg#+\#%Mg#+ ratio of the natural Mg# + standard, Mg# + bound to trehalose phosphorylase and the #'Mg#+ standard respectively. After presumed equilibration (18 h, 4 mC) in the presence of 1 mM #'Mg#+, the solution containing trehalose phosphorylase (42 µM) was ultrafiltered. The protein-free filtrate was then used to determine the isotope ratio, and the value obtained was 112. The extent of inactivation of the enzyme after incubation and ultrafiltration was approx. 10 %. If the portion of inactive enzyme had released Mg# + into solution, a value of 120 for the #'Mg#+\#%Mg#+ ratio in solution would have been expected. Likewise, if protein-bound Mg# + exchanged completely with #'Mg#+ in solution, the theoretical value for the #'Mg#+\#%Mg#+ ratio in solution would be 24.8.
Therefore the results imply that dissociation of #%Mg#+ from the protein into solution does not take place at a rate appreciably higher than the rate of denaturation of the protein under otherwise identical reaction conditions. The results provide strong support in favour of the suggestion that, in the active conformation of trehalose phosphorylase, Mg# + is secluded from the surrounding bulk solvent. Multiple cycles of ultrafiltration and dilution with magnesium-free Mes buffer led to denaturation of more than 90 % of the original trehalose phosphorylase. It was not possible, therefore, to determine with sufficient accuracy the #'Mg#+\#%Mg#+ ratio of the Mg# + bound to the active enzyme once #'Mg#+ had been removed exhaustively. This does not, however, affect the conclusion of the experiment.
Peptide mass mapping
We digested trehalose phosphorylase from S. commune and compared the MALDI-TOF spectrum of peptides from the tryptic digest with calculated tryptic peptide masses for related enzymes from G. frondosa and P. cajor-saju. Table 4 summarizes the peptide matches, and reports the mass accuracy of these matches by comparing experimental with calculated peptide masses. When no missed cleavages were allowed and a maximum error of 0.2 Da was tolerated, 10 matches were found for the trehalose phosphorylases from S. commune and G. frondosa, indicating close structural similarity between these two enzymes. PSD-MALDI was used to confirm the sequences of selected peptides, as shown in Table 4 . A total of five matches was found upon comparing measured peptide masses of the enzyme from S. commune and calculated peptide masses of trehalose phosphorylase from P. cajor-saju. Further comparison of the two enzymes was made based on the experimentally determined amino acid sequences of the four tryptic peptides of trehalose phosphorylase from S. commune. The results are summarized in Table 4 , and reveal a high degree of sequence identity between these fungal enzymes.
DISCUSSION
Kinetic mechanism of trehalose phosphorylase
Trehalose phosphorylase from S. commune catalyses the configurationally retaining glucosyl transfer from α,α-trehalose to phosphate via an ordered Bi Bi kinetic mechanism, as shown in Scheme 1. Interestingly, the glucosyl donor is the second substrate in the direction of phospholysis of α,α-trehalose, whereas in the reverse reaction it adds first to the enzyme. Binary-complex formation, in which the interaction between the enzyme and the phosphate group evidently plays the key role, appears to drive the arrangement of the correct active-site conformation and is, therefore, required for enzyme-substrate recognition. In the absence of a phosphate-group-dependent induced fit, trehalose phosphorylase recognition is decreased to the extent that α,α-trehalose and -glucose do not show detectable binding with the free enzyme. In this way, the formation of unproductive binary complexes, i.e. E:α,α-trehalose or E:-glucose, is prevented efficiently. Likewise, binding of dead-end inhibitors that are analogous to the second substrate occurs only with the E:P i and E:Glc 1-P complexes.
The catalytic efficiencies for the enzymic reaction with phosphate and α,α-trehalose are far (10&-10'-fold) below the predicted rates for diffusion-controlled processes ($ 10)-10* M −" :s −" ). This probably reflects both the requirement for complete desolvation of the substrates before binding to the active site and a two-step binding process in each case, where the first step (a rapid equilibrium binding of the reactants) is followed by a reorganization of the active site to yield the productive binary complex of the enzyme with phosphate and the ternary complex of E:P i with α,α-trehalose.
A few other α-retaining glucosyl transferases are known to utilize sequential kinetic mechanisms that are characterized by the strict requirement for a ternary enzyme-substrate complex : sucrose synthetase (GT family 4) [23, 24] , glycogen synthetase (GT family 5) [25, 26] , galactosyltransferase LgtC (GT family 8) [27] and glycogen phosphorylase (GT family 35) [28] . It has been speculated that ternary-complex kinetics could reflect an enzymic mechanism for minimizing the likelihood of the reaction of a glucosyl-enzyme intermediate (or another reactive intermediate) with water and thus catalysing glucosyl transfer with only scant hydrolysis. In agreement with this notion, the relative rate of ' error ' hydrolysis of the natural α--glucoside substrate is approx. 2 orders of magnitude greater for the reaction of sucrose phosphorylase [12] than for the corresponding reaction of glycogen phosphorylase [29] . α--Glucoside hydrolysis does not occur at detectable rates ( 5i10 −& k cat ) when trehalose phosphorylase is incubated in the presence of saturating concentrations of Glc 1-P for up to 48 h (C. Eis and B. Nidetzky, unpublished work). We note again that, judging by family memberships [10, 14] , trehalose phosphorylase is a true GT (GT-4), whereas sucrose phosphorylase belongs to the GH family (GH-13).
The stereochemical course of the enzymic phospholysis of α,α-trehalose would be explained best if the scissile carbon-oxygen bond of the disaccharide was completely broken before the attack of the nucleophilic phosphate and an intermediate, most probably a glucosyl-enzyme adduct formed during ternarycomplex interconversion. In an attempt to determine the relative timing of the bond cleavage and bond-forming steps, 1,5-anhydro--glucitol served as non-reactive structural analogue of -glucose, and was shown to display considerable inhibitory potential with respect to trehalose phosphorylase. The absence of any detectable reaction between the enzyme and Glc 1-P when 1,5-anhydro--glucitol was present suggests that binding of the inhibitor fails to induce the enzyme in the proper conformational state, or that bond cleavage and bond-forming steps for the trehalose phosphorylase-catalysed reaction are more tightly coupled than is generally thought to occur for enzymic glucosyl transfer with net retention of configuration.
The notion that α-retaining glycosyl transfer catalysed by phosphorylases and nucleotide-dependent GTs could occur generally without the requirement for a covalent β-glycosyl-enzyme intermediate [30] has gained considerable support from the recent X-ray structures of maltodextrin phosphorylase from Escherichia coli [31] and galactosyltransferase LtgC from Neisseria meningitidis [27] in complexes with donor and acceptor analogues. Inspection of the active sites of both enzymes revealed clearly that no carboxylate group is placed into position as a candidate catalytic nucleophile. Since evidence for a doubledisplacement mechanism has remained elusive for maltodextrin phosphorylase and galactosyltransferase, alternative mechanistic scenarios have been proposed [11, 12, 15, 27, 30, 31] . One of these is the so-called internal return (S N i) mechanism of glycosyl transfer that assumes approach of the nucleophile towards the reactive carbon from the same side from where the leaving group departs [11, 32] . The S N i mechanism of phosphorylase-catalysed glucosyl transfer to and from phosphate would require a highly dissociative (' exploded ' [33] ) transition state, with electrostatic stabilization of the oxocarbenium ion provided mainly by the phosphate group from the front face. A chemical precedent for the internal return mechanism is provided by studies of the trifluoroethanolysis of α--glucopyranosyl fluoride, a reaction that was shown to yield predominantly trifluoroethyl α--glucoside [32] . By analogy with the proposal made by Sinnott and Jencks [32] , the essential feature of an S N i mechanism of phosphorylase action would be the following : the leaving group is effectively HO $ P-O# − :::::::H-OR, where ROH is the incoming nucleophile, and internal return occurs from within the ion pair by the recombination of the anomeric carbon and the leaving group on the oxygen of ROH to yield the α-configured product. Although such a mechanism is not widely observed in chemical reactions, an attractive component of a possible S N i mechanism for trehalose phosphorylase is the fact that it explains the strict requirement for a ternary complex, as well as bondforming and bond-cleaving steps that appear inherently coupled.
Interpretation of pH profiles
pH studies of the reaction catalysed by trehalose phosphorylase indicate the involvement of two ionizable groups in the phospholysis and synthesis of α,α-trehalose, one of which must be protonated and the other unprotonated for substrate binding and catalysis to take place. Since α,α-trehalose and -glucose do not show ionization in the pH range studied, we shall consider the protonation states of the enzyme, the ' phosphate ' substrates, and the corresponding binary and ternary complexes. The simple forms of the k cat \K profiles suggest that substrates of trehalose phosphorylase are not very ' sticky ' at the pH optimum, i.e. they dissociate from the complex with the enzyme at about the same rate or more quickly than they react to give products (for reviews, see [22, 34] ).
The pH profiles of k cat \K for the enzymic reaction with all substrates yielded closely similar pK " values of between 5.88 and 6.06 on their acidic limbs. The pK " of 5.75 for the k cat \K glucose profile may be an exception. Since -glucose is a substrate in the reaction direction with lower maximum velocity, it cannot be sticky [22, 34] , and therefore the small outward displacement by 0.2 pH unit seems to be a binding effect. The pK " of $ 6.0 most probably corresponds to a group on the enzyme whose pHdependent ionization in binary complexes with P i and Glc 1-P is unperturbed or displaced weakly relative to that in the free enzyme. If the pH-dependencies of k cat \K followed the pK values of H # PO − % and Glc 1-HPO − % in solution, the pH profiles for the enzymic phospholysis of α,α-trehalose would be expected to be displaced inward by 0.7 pH unit on their acidic limbs, relative to those for the synthesis direction. This was not observed. Values of log k cat for the forward and reverse reactions decreased with a slope of p1 below an apparent pK " of $ 5.6, suggesting an outward displacement by 0.4 pH unit of the pK from its value in the k cat \K profiles. Since it is unlikely that steps are completely rate-limiting for k cat that occur outside the part of the mechanism involved in k cat \K trehalose and k cat \K glucose (see below), the magnitude of this pK shift could be the result of hydrogen bonding between two uncharged groups, or other changes in the activesite environment that occur upon moving from binary to ternary complexes. The appearance of pK " in the k cat profiles indicates that binding is not completely pH-dependent, and that the group must be in the correct protonation state for catalysis. We do not consider the possibility of reverse protonation [22] in our discussion because, during α-retaining glucosyl transfer, acidbase catalytic groups are expected to end up in the same protonation state as that in which they started. If reverse protonation was involved, the ratio of enzyme and phosphate in the correct protonation state to react would be $ 0.02
, which we believe is unlikely. Therefore incorrect protonation of the group with an apparent pK of $ 6.0 is suggested to lead to the observed decrease in k cat \K.
The pK # values on the basic limbs of the pH profiles for k cat \K Pi and k cat \K Glc "-P appear to follow the pH-dependent ionizations of H # PO − % (pK $ 7.2) and Glc 1-HPO − % (pK $ 6.5) in solution respectively. While the actual pK # values are shifted outward by $ 0.6 pH unit relative to those commonly quoted for the two reactants, the observed ∆pK # of 0.7 is in excellent agreement with the predicted one. If the pH profiles of k cat \K Pi and k cat \K Glc "-P reflected the proportion of enzyme in the correct form to react, they would be expected to reveal identical pK # values, which has been disproven experimentally. Since k cat \K for the first substrate in an ordered mechanism usually equals the bimolecular rate constant for combination with the enzyme, we conclude that phosphate and Glc 1-P must be monoanions to bind to the active site of trehalose phosphorylase.
The k cat \K trehalose profile yields a pK of 7.44 on its basic limb. The pH dependence of k cat \K trehalose thus appears to follow the pK of H # PO − % bound to the enzyme, which in turn is perturbed by k0.4 pH unit from its value in solution. The k cat \K glucose profile is displaced outward by 0.2 pH unit relative to the k cat \K Glc "-P profile, so that nearly identical pK shifts are seen for pK " and pK # . pK # values for the k cat and k cat \K profiles are closely similar, suggesting that the group that shows in these pH profiles must be correctly protonated for catalysis. pK # in the pH profile of k p cat (where p denotes phospholysis) is displaced inward by 0.25 pH unit relative to the pK # value seen in the k cat \K trehalose profile, indicating that ternary-complex interactions may bring about small changes in the acid dissociation constant of protein-bound
pK is profile of D-glucal In an effort to determine whether the k cat \K glucose profile reveals the correct pK values of groups required for binding and catalysis, we compared it with the pK is profile of -glucal. Since -glucal inhibits competitively with respect to -glucose, it must bind to the same enzyme form (E:Glc 1-P) as -glucose. Under conditions in which inhibition is observed, addition of the variable substrate is limiting, and so addition of the inhibitor and protonation\deprotonation of E:Glc 1-P come to equilibrium. Therefore dissociation constants are obtained for the inhibitor, and their pH-dependences yield true pK values. Since -glucal does not show ionization in the pH range studied, the pK is profile detects groups in the binary enzyme-substrate complex whose states of protonation affect binding of the inhibitor. It will, however, fail to detect a group necessary for catalysis but not directly involved in binding. A quite unexpected observation was that binding of -glucal was tighter outside the optimum pH range, so that the pK is (or log K is ) profile changed to a slope of p1 at apparent pK " and pK # . pK values obtained from the log K is profile are displaced inward by 0.3-0.4 pH unit relative to those seen in the k cat \K glucose profile. They are identical with pK values of the k cat \ K Glc "-P profile within the limits of experimental error (approx. p0.15 pH unit).
This observation, and comparisons of the dissociation constants of -glucose and analogous dead-end inhibitors (Tables  1 and 2 ), result in the following conclusions : (1) pK values seen in the the k cat \K glucose profile correspond to groups necessary for catalysis, not for binding of -glucose ; (2) binding recognition of -glucose occurs chiefly through interactions with non-reacting parts of the sugar (except the OH group at C-2), and this noncovalent bonding becomes stronger with the incorrectly ionized forms of the binary complex ; (3) differential bonding interactions that involve the ionizable groups on E:Glc 1-P and the OH groups at C-1 and C-2 of -glucose probably contribute to catalysis by positioning the reactive centre of the glucosyl acceptor and acid-base catalytic groups, and seem to cause the observed outward displacement of pK # in the k cat \K glucose profile from its value in the log K is and k cat \K Glc "-P profiles ; (4) the correct protonation state of Glc 1-HPO − % (and thus H # PO − % ) is required for binding with the free enzyme and for catalysis to take place, most probably by being required for a conformational change in enzyme structure that must precede ternary-complex interconversion. In an alternative interpretation, however, H # PO − % could assist heterolytic bond cleavage in α,α-trehalose through (partial) proton donation to the scissile C-1-O bond. Unlike nucleotide sugars, α,α-trehalose is not an inherently reactive α-glycoside. Therefore, by analogy with well-known glycosidase mechanisms [11, 12, 21] , general acid-catalytic assistance to leaving-group departure would seem to be required in the reaction catalysed by trehalose phosphorylase, but probably not in the typical ' synthase ' reactions catalysed by many other members of family GT-4 (for a discussion of bivalent-metal-mediated electrophilic catalysis in the galactosyltransferase reaction, see [27] ).
Locating rate-limiting steps in the reaction catalysed by trehalose phosphorylase
An estimate of 34 s −" was obtained for the first-order rate constant of the dissociation of Glc 1-P (k ( ). Comparison of k ( with k cat for phospholysis, which has a value of 13 s −" , suggests that k ( is a partially rate-limiting step of the overall reaction in this direction. At saturating levels of α,α-trehalose and phosphate, 38 % of the enzyme will thus be in the enzyme:Glc 1-P complex. Considering the mechanism in Scheme 1, we use the relationship k p cat l 1\(1\k & j1\k ( ) to obtain an estimate of 22 s −" for k & , and note that k & is a net rate constant [35] which comprises all steps from glucosyl transfer to phosphate up to the release of -glucose. With the reasonable assumption that the dissociation of -glucose is not responsible for the pK values observed in the k cat and k cat \K trehalose profiles, we conclude that ternary-complex interconversion is the major rate-limiting step of the overall forward reaction catalysed by trehalose phosphorylase. (If in an expanded kinetic mechanism a pre-catalytic conformational step was pH-dependent and controlled k cat at the pH optimum, it would also show in one of the k cat \K profiles, which is not observed.) In the reverse reaction, the complex between enzyme and phosphate dissociates with a rate constant of 247 s −" . Given the value of 10 s −" for k cat in this direction, release of phosphate is not a major rate-limiting step of the enzymic synthesis of α,α-trehalose. Reaction chemistry most probably controls the turnover number of reverse glucosyl transfer. 2 
Role of enzyme-bound Mg
+
Mg# + (or Mn# + ) may play an important role in the catalytic mechanism of glycosyl transfer catalysed by retaining [27, 30] and inverting nucleotide sugar-dependent transferases (reviewed in [36] ; see also [37, 38] ), which are related to trehalose phosphorylase through family relationships (GT family 4) or general mechanistic similarities (see [11] for a detailed discussion of mechanisms). Bivalent metal ions such as Mg# + or Mn# + have been shown to be co-ordinated to two oxygen atoms from each of the two phosphates in nucleotide diphosphates, and interact with an acidic amino acid, usually an aspartate from a widely conserved Asp-Xaa-Asp motif [27, [36] [37] [38] . Water molecules complete the co-ordination sphere of the metal ion. In the case of galactosyltransferase [27] , Mn# + has been shown to be required for the stability of the enzyme fold [39] . Interestingly, a very acidic Asp-Asp-Ile(Leu)-Asp(Glu)-Glu motif is found in all three known trehalose phosphorylases (Table 4 ; positions 240-251 in the G. frondosa enzyme). On considering the possible participation of a bivalent metal ion as an electrophilic catalyst in enzymic glucosyl transfer, it was interesting to study the involvement of protein-bound Mg# + in the function of trehalose phosphorylase. A number of experimental observations suggest, however, that Mg# + is not part of the active site of trehalose phosphorylase. (1) Enzyme activity was found to be independent of the presence of free Mg# + and not inhibited by EDTA. (2) Dissociation of the metal ion does not occur in the presence of metal chelators, and exchange between Mg# + on the protein and in the solvent does not take place at measurable rates. (3) Zn# + binds to the unliganded active site of trehalose phosphorylase, and this binding reversibly inhibits enzyme activity (results not shown). Therefore, if Mg# + were co-ordinated to amino acid residues of the active site, it would be expected to equilibrate rapidly with Mg# + in solution. Our data do not, unfortunately, support an alternative role for Mg# + in trehalose phosphorylase, such as conferring extra stability of the folded conformation of the enzyme, for example. However, the observed tight binding of the metal ion, even in the presence of EDTA, suggests that the protein folding reaction may contribute to the stability of the protein : Mg# + complex.
